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ABSTRACT 

Film infection from discrete holes in a three 
row staggered array with 5-diameter spacing is stud- 
ied for three different hole angles! (1) normal, (2) 
slanted 30° to the surface in the direction of the 
mainstream, and (3) slanted 30° to the surface and 
45° laterally to the mainstream. The boundary layer 
thlckness-to-hole diameter ratio and Reynolds number 
are typical of gas turbine film cooling applications. 
Two different injection locations are studied to 
evaluate the effect of boundary layer thickness on 
film penetration and mixing. Detailed streaklines 
showing the turbulent motion of the injected air are 
obtained by photographing very small neutrally buoy- 
ant helium filled "soap" bubbles which follow the 
flow field. Unlike smoke, which diffuses rapidly in 
the high turbulent mixing region associated with dis- 
crete hole blowing, the bubble streaklinec passing 
downstream injection locations arc clearly identifi- 
able and can be traced back to their origin. Visual- 
ization of surface temperature patterns obtained from. 
U i'rared photographs of a similar film cooled surface 
are also Included. 

NOMENCLATURE 

D a film injection hole diameter 

m n film-to-mainstreom mass velocity ratio or blowing 
rate (up/tt, for constant density) 

Up *> film injection velocity 

u„ = fracstream velocity 

u + = dimensionless velocity, i^/jAw/p 

y = coordinate normal to the surface 

y + = dimensionless distance, vV t w/pA 

6 = boundary layer thickness 

0 = boundary layer momentum thickness 

v = kinematic viscosity 

p a density 

T w = wall shear stress 

INTRODUCTION 

Increases in turbine inlet temperature and pres- 


sure have reached the point where heat flux levels 
are too high to adequately cool hot section gas tur- 
bine components by convection alone. Borne film cool- 
ing is generally required to protect the metal parts 
from the hot gas stream. The most practical method 
currently used for film cooling aircraft turbines is 
to Inject the cooling air from discrete hole/, in the 
surface of the blade. It is important that the film 
be injected in the most efficient manner possible in 
order to provide the desired heat transfer protection 
with a minimum disruption of the mainstream. Poorly 
designed film injection schemes can lead to mainstream 
momentum losses which sevorly reduce Turbine aerody- 
namic efficiency and, in some instances, evil increase 
heat transfor to the surface, 

Thoro has been considerable emphasis recently in 
experimental heat transfer studies related to discrete 
hole film cooling. The University of Minnesota in- 
vestigated adiabatic wall film effectiveness and aug- 
mented heat transfer coefficients due to blowing for 
one hole and a single row of holes at various injec- 
tion angles and center-to-center spacingc. Reference 
1 is the last in a series of reports on this study, 

It includes a complete bibliography of earlier reportn, 
A similar study for a single row of injection holes 
with a freestream static pressure distribution typical 
of turbine blade applications is reported in Ref. 2. 

Stanford University is investigating the heat 
transfer characteristics of full coverage film cooling 
from a staggered array of discrete holes spaced either 
5 or 10 diameters apart. Some preliminary re suite 
from this study are given in Ref, 3, Reference 4 is 
a data report containing all of the test results for 
both normal and 30 degree injection. An experimental 
investigation of the adiabatic wall film effectiveness 
associated with full coverage film cooling from com- 
pound angle injection at various hole spacings has 
been reported in Ref. 5. Analytical and experimental 
work in this area has been the subject of several re- 
ports from Imperial College, una 1} 

While all of these investigations have contrib- 
uted to the quantitative data needed to develop reli- 
able analytical models of film cooling, they have also 
suggested the need for a better understanding of the 
complex fluid dynamics encountered when film air is 
injected through discrete holes into a turbulent 
boundary layer. Such insight can only be provided 
through good flow visualization studies. Visualiza- 
tion of the llow field associated with discrete hole 
film cooling is helpful to fully understand and ap- 
preciate the complex interaction of the film and the 
mainstream. Some effort was made, S3 reported in Ref. 
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1, to visualize the flow field surrounding a single 
injection holo using CO, log. However, the fog dif- 
fused so rapidly due to tht, high turbulent mixing in 
the injection region that only tho lnrce scale tur- 
bulent ration near tho hole wu.' visible. 

In tho prcBont study, air seeded with small 
neutrally buoyant heliun-flllod bubbles, was injected 
into a turbulent boundary layer through discrete holes 
in the test surface of an ambient air wind tunnel, 

Tho paths traced by the bubbles map streamline pat- 
terns of the injected film air mixing with the main- 
stream, Unlike smoko or fog which diffuses rapidly, 
the bubble streamlines are clearly identifiable as 
continuous thread-like streaks which cm be traced 
through tho film injection region. 

Streakline patterns of tho How field associ- 
ated with film injection from discrete holes in a 
three row staggered array' with 5-diameter spacing 
are presented for three different holo angles typic- 
ally encountered in turbino cooling applications. The 
holes were angled (1} normal to tho surface, (2) 
slanted 30° to the surface in the direction of the 
mainstream, and (3) slanted 30® to the curface and 
45° laterally to the mainstream. The momentum thick- 
ness Reynolds number Just upstream of the injection 
holes was 2165 and the boundary layer thickness-to- 
hole diameter was 1.75. A boundary layer thickness- 
to-hole Hamster of 2.4 at the same Reynolds number 
was also run by moving the injection location further 
downstream frern the inlet nozzle. Infrared photo- 
graphs of a similar film cooled wall were taken to 
show the surface temperature pattern resulting from 
discrete hole film cooling. 

EXPERIMENTAL APPARATUS 

Bubble Cc aerator 

The system for generating neutrally -buoyant 
described in detail in the manufacturer 1 s 
, consists of a head, which is tho device 
that actually forms the bubbles, and a console con- 
taining micrometering valves which control the flow 
of helium, bubble solution, and air to tho head. A 
drawing illustrating the basic features of the head 
is shown in Fig. 1. Neutrally buoyant helium- filled 
bubbles about 1 mm in diameter, form on the tip of 
the concentric tubes and are blown off the tip by a 
continuous blast of air flowing through the sliroud 
passage. Bubble solution flows through the annular 
passage and is formed into a bubble inflated with the 
helium passing through the inner concentric tube. 

The desired bubble size and neutral buoyancy ure 
achieved by proper adjustment of air, bubble solution, 
and helium flow rates. As many as 300 bubbles per 
second eon be formed in this device. 

Rig 

The flow visualization test rig, shown in sche- 
matic form in Fig, 2 consists of a transparent plas- 
tic tunnel through which room air is drawn into an al- 
titude exhaust, line. It is a simple construction pro- 
viding flexibility for testing a large number of film 
injection hole geometries anti boundary layer config- 
urations appropriate to turbine and combustor cooling 
apjilications. The test configuration for thin report 
consisted of a zero pressure gradient mainstream flow 
over a flat surface containing discrete film injec- 
tion holes, Ac the point of injection, the main- 
stream boundary layer was fully turbulent, A further 
description of the details of tho rig are given in 
Ref. 9. There are three separate air How sources: 


bubbles, 

report 


(1) the primary mainstream air; (2) the bubble gen- 
erator air; and (3) the secondary film injection air, 

Tho tunnel, 0,381 by 0,152 motors in cross- 
section, is sectioned into four parts; a test section 
0,61 m long and three spacing sections each 0,91 n 
long, Tho sections can be put In any ordor to allow 
for a boundary layer development length upstream of 
the first film injection location anywhere from sev- 
eral centimeters to over 2.7 meters, Having the op- 
tion of injecting the film air at different axial lo- 
cations downstream of the Inlet provides the flexibil- 
ity of independent control of tho following three re- 
lated variables; injectien-to-mainstrcam velocity ra- 
tio Uj/u^, tho boundary layer thiokness-to-injection 
hole diameter 6/D, and tho momentum thickness Reynolds 
number at the point of injection, A long boundary 
layer development length is needed to cover the high 
range of the 8/D ratio because the minimum hole diam- 
eter io limited to about 1,27 cm to avoid excessive 
bubblo breakage in the holes. 

The helium filled bubbles are injected into a 
plenum which serves as a collection chamber for the 
bubbles and the film air. The air, seeded irifch the 
bubbles, then passes through tho film injection holes 
in the floor of the test section. The small quantity 
of air used by the bubble generator to blow the bub- 
bles off the tip of the annulus as they form, ends up 
as port of the film air in the plenum. However, this 
bubblo air How cannot be varied since it is adjusted 
and then fixed to give optimum bubble formation. Con- 
sequently, to provide variable film injection air How 
rates, additional secondary air is also supplied to 
the plenum. The plenum box is clamped onto the bot- 
tom of the test section for easy removal when another 
test plate with a different holo configuration is to 
be tested. Hotanoter3 were used to measure the heli- 
um and bubble generator air How rates and a hot wire 
How meter was used in the secondary air leg for ac- 
curate measurement over a wide range of film air How 
rates. 


When the bubbles pass through the film injection 
holes, they are illuminated by a high intensity quertz 
arc lamp. The resulting reHection off the bubble 
surface appears as a streak across the photographic 
film if the exposure is relatively slow. Sometimes 
two reHections appear on the seme bubble giving a 
double streak. The light beam was directed axially 
down the tunnel as shown in tho sketch in Fig, 2. 

With a well-focused and cdlimatod light beam, the 
bubbles are illuminated as soon as they leave the 
holes without the beam striking any of the tunnel 
surfaces, This insures good contrast with a bright 
bubble streak against a black background. 

T est Section 

The 0.3Q by 0.G1 m Hoor of the test section 
which contains the film injection holes is easily re- 
moved to allow bottom plates with different hole con- 
figurations to be installed without affecting the rest 
of tho tost section or the plenum chamber, s’he iloor 
and back side of the test section are made o.' wood and 
finished glossy black to give maximum contrast -itu 
the bubble streakllnes. The top and front face are 
clear plastic. 

Three different film injection arrays were 
studied. Sketches of the three configurations are 
given in Fig, 3, They are (1) normal injection with 
the holes oriented normal to the surface, (2) slanted 
in-line injection with the holes angled 30° to the 
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1, to visualize the flow field surrounding • single 
lnjoctlon halo using C0„ t >g. However, the rog dif- 
fused «r rapidly due to'tht high turbulent mixing In 
the Injection region that 01 .’ y tho large acale tur- 
bulent r.atlon near the hole wa- visible. 

tn the present study, air seeded with small 
neutrally buoyant hollies -filled bubbles, was injected 
Into a turbulent boundary layer through discrete holes 
In the test surface of an ambient air wind tunnel. 

The paths traced by tie bubbles map streakltne pat- 
terns of the injected film air mixing with the main- 
stream. Unlike stoke or fog which diffuses rapidly, 
the bubble strea lines are clearly identifiable as 
continuous thre' J-llke streaks which ern be traced 
through the file Injection region. 

Streakline patterns of the flow field associ- 
ated with film injectlor from discrete holes in a 
three row staggered array with 5-dlameter spacing 
are presented for three different hole angles typic- 
ally encountered In turbine cooling applications. The 
holes were angled (1) normal to the surface, (2) 
slanted 30° to the surface in the direction of the 
mainstream, and (3) slanted 30° to the surface and 
46° laterally to the suiinstream. The momentum thick- 
ness Reynolds number Just upstream of the injection 
holes was 2165 and the boundary layer thickness-to- 
hole diameter was 1,75. A boundary layer thickness- 
to-hole liar* ter of 2.4 at the same nevnolus number 
was also run by moving the Injection locatlor further 
downstream from the Inlet nozzle. Infrared photo- 
graphs of s similar film cooled wall were taken to 
show the surface temperature pattern resulting from 
discrete hole film cooling. 

KXKRIMENTAL APPARATUS 

Bubble. generator 

The system for generating neutrally -buoyant 
bubble:, described In detail in the manufacturer' s 
report' 2/, consists of a head, which is the device 
that actually forma the bubbles, and a console con- 
taining micrometering valves which control the flow 
of hellist, bubble solution, and air to the head. A 
drawing Illustrating the basic features of the head 
Is shown In Fig. 1. Neutrally buoyant helium- filled 
bubbles about 1 mm in diameter, form on the tip of 
the concentric tubas and are blown off the tip by a 
continuous blast of air flowing through the shroud 
passage. Bubble solution flows through the annular 
passage and Is formed Into a bubble Inflated with the 
helium passing through the inner concentric tuDe. 

The desired bubble size and neutral buoyancy ure 
achieved by proper adjustment of air, bubble solution, 
and helium flow rates. As many as 300 bubbles per 
second can be formed In this device. 

Ut 

The flow visualization test rig, shown in sche- 
matic fora in Fig. 2 consists of a transparent plas- 
tic tunnel through which room air is drawn into an al- 
titude exhaust. line. It is a simple construction pro- 
viding flexibility for testing a larce r.ur.ler of film 
injection hole geometries arm boundary layer config- 
urations appropriate to turbine and combustor cooling 
applications. The teat confl,-uratlo.n for this report 
consisted of a zero pressure gradient mainstream flow 
ever a flat surface containing discrete film injec- 
tion holes. At the point of injection, the main- 
stream boundary layer was fully turbulent. A further 
description of the details of the rig are riven in 
Ref. 9, There are three separate air flow sources: 


(1) the primary mainstream alrj (2) the bubble gen- 
erator alrj and (3) the secondary film injection air. 

The tunnel, 0.361 by 0.152 meters In cross- 
section, Is sectioned into four parts: a test section 

0.61 si long and three spacing sections each O.ul rj 
long. The sections can be put in any order to *ilow 
for a boundary layer development length upstream of 
the first film injection location anywhere from sev- 
eral centimeters to over 2.7 meters. Having the op- 
tion of injecting the film air at different axial lo- 
cations downstream of the inlet provides the flexibil- 
ity of independent control of the following three re- 
lated variables: lnjectic.i-to-malnstream .eloclty ra- 

tio uVu^, the boundary layer thickness-to- injection 
hole diasSter 6/D, and the momentum thickness Reynolds 
nimtber at the point of injection. A long boundary 
layei development length is needed to cover the high 
range of the ft/D ratio because the mlnir.'ss hole diam- 
eter Is limited to about 1.27 cm to avoid excessive 
bubble breakage in the holes. 

The helius filled bubbles are injected Into a 
plenum which serves as a collection chamber for the 
bubbles and the film air. The air, seeded vlth the 
bubbles, then passes through the film injection holes 
in the floor of the test section. The small quantity 
of air used by the bubble generator to blow the bub- 
bles off the tip of the annulus as they form, ends up 
as part of the film air in the plenum. However, this 
bubble air flow cannot be varied since it is adjusted 
and then fixed to give optimum bubble formation. Con- 
sequently, to provide variable film injection elr flow 
rates, additional secondary air Is also supplied to 
the plenum. The plenum box is cl.jr.ped onto the bot- 
tom of the test section for easy removal when another 
test plats with a different hole configuration is to 
be tested. Rotameters were used to measure the neli- 
um and bubble generator air flow rates and a hot wire 
flow meter was used in the secondary air leg for ac- 
curate measurement over a wide range of film air How 
rates. 

When the bubbles pass through the film injection 
holes, they arc illissinated by a high intensity quartz 
arc lamp. The resulting reflection off the bubble 
surface appears as a streak across the photographic 
film if the exposure is relatively slow. Sometimes 
two reflections appear on the came buotle giving a 
double streak. The light beam was directed axially 
down the tunnel as shown in the sketch in Fig. 2. 

With a well-focused and collimated light team, the 
bubbles are lUisnlnated as soon as they leave the 
holes without the beam striking any of the tunnel 
surfaces. This insures good contrast with a bright 
bubble streak against a black background. 

Test_Ce ctlon 

The 0.36 by 0.61 m floor of the test section 
which contains the film injection holes Is easily re- 
move i to allow bottom plates with different hole con- 
figurations to be installed without affectin.- the rest 
of the test section or the plenum chamber, ''ho floor 
and back side of the test section are made o.' wood and 
finished glossy black to give maximum contrast ,. ... 
the bubble streaklines. The top and front face are 
clear plastic. 

Three different film injection arrays were 
studied. Sketches of the three configurations are 
given in Fig. 3. They are (1) normal Injection with 
the holes oriented normal to the surface, ( 2 ) slanted 
in-line injection with the holes ungj.cd 30° to the 
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surface and in-line with the mainstream, and (3) com- 
pound angle injection with the holes again 30° to the 
surface, but rotated 45° laterally to the mainstream. 
In all throe cases, the holes were spaced S diameters 
apart ar measured from the hoi ■ centerline. The 
holos formed a staggered array representing the cen- 
ter portion of three rows of holes. In Pig. 3(b) and 
(e), the hole axes for both the in-line and compound 
angle holes make an angle of 30° with the piano of 
the paper. Tubes which extend into the plenum wore 
inserted into the holes in the plate and finished off 
flush with the test surface to provide a hole length 
to diameter ratio typical of aircraft turbine applic- 
ations. The delivery tubes for this study had a 
1.27 cm inner diameter and wore 5,1 cm long. 

RESULTS AND DISCUSSION 

A fully turbulent boundary layer existed in tho 
region of the film injection holes and the freestreom 
turbulence was negligibly small for all of tho results 
presented in this paper. The fllm-to-mainstream ve- 
locity ratio was varied by changing the mass flow rate 
of the secondary or film air while keeping the main- 
stream velocity constant at 15.5 m/soc. The velocity 
profile through the boundary layer wap surveyed Just 
upstream of the injection holes. The dimensionless 
profile at the duct centerline in Fig. 4 shows the 
typical logarithmic distribution in the wall region, 
characteristic of a turbulent boundary layer on a 
smooth wall. Surveys off the centerline showed less 
than a 1 percent spanwise variation in the profile 
within the injection region. The boundary layer 
thic. 't »a uefined by the 09 percent value of the 
frees, am velocity, was 2.22 cm. The boundary layer 
thlckncss-to-injection hole diameter ratio was then 
1.75 at the upstream injection location. The bound- 
ary layer momentum thickness and shape factor were 
0.21S cm and 1.31, respectively, s. the momentum 
thickness Reynolds number was 2165 at the upstream 
hole location. 

Photographn of the film streaklines were taken 
both from the top looking down on the test surface 
and from the side looking through the boundary layer. 
The two viewing angles are illucf ated in Fig, 5 
which shows -.he teat section wit*, two cameras mount- 
ed in the positions used when taking photographs. 

The top view photographs show the spreading charac- 
teristics of the film aa it leaves the holes and the 
side view photographs show the degree of penetration 
of the film into the mainstream relative the boundary 
layer thickness and the surface. All of the side 
view photographs were taken with the two outer holes 
in the four hole array plugged to give a plane view 
of the two center holes. The film from the upstream 
hole passes directly over the downstream hole. 

Normal Injection . Streaklines traced by a film 
injected into a turbulent boundary layer from an ar- 
ray of holes oriented normal to the surface are shown 
in Fig. 6. The streaklines in the figures are black 
on a white background because the photographs in this 
paper. are negative images printed from color trans- 
parencies. Top and side view photographs are includ- 
ed for a low (o => 0.3) and a high (m = 0.6) blowing 
rate. Also included iG a close-up view of the re- 
gion surrounding the upstream hole. The top view 
clearly illustrates the countor-rotatinc vortices ex- 
tending downstream of each injection hole. This vor- 
tex pattern has been well documented in earlier 
studies. The top view also shows that the film 
spreads about ore and a half hole diameters for a 


blowing rate of m * 0.3 and slightly more at tho high 
blowing rats. 

From the side view, it is noted that tho film 
separates from the surface and penetrates into tho 
freestreom even at a low blowing rate of m ■ 0,3, The 
boundary layer thickness 5 just upstream of the 
first injection hole is indicated on the side view 
photograph. At tho high bloving rote, most of tho 
film mixes with the freestreom rathe.'.* than providing 
a protective film adjacent to the surface. 

Notice tho sharp "kinks” in toe streaklines in 
tho close-up view, particularly at the high blowing 
rate. The tortuous path traced by a bubble indicates 
a very high intensity, small scale turbulence struc- 
ture in the vortex region Just downstream of an in- 
jection hole. This high turbulence is detrimental 
because it increases the hoat transfer coefficient 
and causes rapid mixing of the film air with the 
mainstream. As toe bubbles get caught up in one of 
tho vortices, their trajectory in in a direction 
nearly normnl to tho surface, suggesting a very high 
velocity transfer of mass between the wall region and 
the outer boundary layer. There is also evidence of 
recirculating flow since some of tho streaklines 
slope back upstream. 

Slanted In-line Indention . The streakline pat- 
tern associated with film injection from holes ang- 
led 30° to t-he surface, in-line with the mainstream 
is given in Fig. 7. For this geometry, blowing rates 
having nominal values of ra = 0.3, O.fl, and 1,4, were 
photographed. A top and side full field view, and a 
close-up aide view of the region surrounding the 
downstream hole are included. Notice that in general, 
the streaklines are much smoother than with normal 
injection, indicating a much larger scale and lower 
intensity turbulence for 30° injection. Only at the 
highest blowing rate do the streaklines exhibit the 
Character indicative of high intensity, nmall scale 
turbulence. The counter-rotating vortex pattern in 
not nearly as evident as it was for tho normal injec- 
tion case. Evidence of entrainment of the freestreom 
fluid down to the wall can be seen however, us the 
wtreoklines coining from the center of the hole wrap 
around the outside of the jet. The pattern is more 
subtle than with normnl holes because the scale at 
which the streaklines interwind is much larger — on 
the order of the hole diameter. As can be seen from 
the top view, there is almost no spreading of the 
film as it extends downstream even when passing over 
another injection hole. Most of the upstream film 
tends to split to either side of the downstream jet. 

At a blowing rate of about m = 0.5, the film 
begins to separate from the surface. At m = O.S, the 
full field, side view photograph clearly shews that 
the film has separated from the surface allowing the 
mainstream air to wrap around beneath the Jets. At 
the high blowing rate (m = 1.4), the film penetrates 
into the freestreom and offers little protection to 
the surface. Also, as one would expect, the down- 
stream film has a steeper trajectory across tho bound- 
ary layer because of the momentum deficit in the inci- 
dent boundary layer near the wall created by the up- 
stream injection. 

The close-up view shows tho downstream jet pas- 
sing right through the film from the upstream hole. 
Note also tho hich turbulence generated for the case 
of m = 1.4 compared to the lower blowing rates. It 
has been observed that when the velocity of the jet 
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exceeds that of tho mainstream, there is a change in 
the character of tho turbulence near the injection 
holes. When m < 1, the streaks are smooth and gently 
undulating, When o > 1, very Jagged streaks appear, 

Compound Anglo Injection . The distinctive feat- 
ures of the stroaklino pattern associated with film 
injection at a compound angle 30° to the surface and 
45° latoral to tho mainstream are illustrated in Figs, 
8 and 9. For this injection configuration, the ob- 
lique angle that the film mokes with tho mainstream 
generateo a single, strong vortex fllsmont downstream 
of each hole. This vortex motion begins forming at 
blowing rates of about m a and becomes most 

pronounced at blowing rates between m = 0.7 and a * 
0.9. notice the very tight "winding" of the streak- 
linos in Fig, 9(b) for a blowing rate of m » 0,75. A 
close -up top view of the region surrounding the up- 
stream injection location for this blowing rate is 
shown in Fig. 9(e), Tho 'most important feature of 
compound angle injection is that this strong vortex 
motion keeps the film attached to the surface even at 
the high blowing rates. This can be seen frijm Fig. 9 
which compares tho compound angle injection at a low 
and a high blowing rate. Notice that there is very 
little difference in the penetration distance between 
a blowing rate of 0.3 and 0.9, Even at a velocity 
ratio of 0.9, the film romaina attached to tho our- 
face. Note particularly how the downstream film lies 
underneath the film from the upstream hole, Recall 
in Fig. 7(b) that for tho in-line injection, most of 
the film separated from the surface at a blowing rate 
of B O 0,8. 

Effect of Boundary Layer Thickness . To deter- 
mine what effect the initial boundary layer thickness 
has on the distance that the film Jet penetrates into 
tho mainstream, tho 30° in-line injection configura- 
tion was re-run with a thicker boundary layer by 
moving the injection location further downstream from 
the inlet nozzle, A side view photograph showing the 
streaklino pattorn is given in Fig, 10. The boundary 
layer thickness was increased 37 percent over that 
which existed for the results discussed previously. 

The blowing rate was 0.8, the same as in Fig. 7(b), 

The freestream velocity was decreased to give the 
same Reynolds number at the point of injection as in 
the earlier results. The upstream film Jot pene- 
trates further with the thicker boundary layer, but 
the penetration relative to the boundary layer thick- 
ness appears to be about the same. The trajectory of 
the downstream Jet looks the some in both figures 
Which indicates that its penetration Is controlled 
more by the upstream injection than the initial 
boundary layer thickness. 

Infrared Thermal Image . The previous pictures 
have shown what happens to a film once it is injected 
into the boundary layer. Figure 11 shows 1...; the 
surface temperature responds to the same discrete 
hole film cooling. Infrared pictures of a film 
cooled test plate run in, a hot gas tunnel wore taken 
with 30° slanted in-linc(ll(a)) and 30° by 4b° com- 
pound anglel^-l 1 ’) Jinjection holes. The mainstream 
flow is from left to right in the photographs. In 
both configurations, the holes were in a single row 
and spaced 2 diameters apart. Those results, ob- 
tained in another experimental test rig, depart some- 
what from the streakline results presented earlier. 
They are included here to show that the discrete 
character of the film is preserved in the temperature 
distribution of the wall. The test plate was flat 
with a zero pressure gradient mainstream flow. Film 


Injection holes were 0,125 mm in diasater, rnd the 
freestream Mach number was 0.8. 

The photographs are actual thermal images of 
the wall surface, Radiation emitted from the surface 
was recorded an infrared film which can be computer 
processed to give quantitative temperature data. The 
hot regiona on the surface appear light because they 
radiate more energy. Conversely, the dark regions 
are cool. Dark plumes caused by the cool film are 
visible extending downstream from each hole. Tho 
mnaa velocity ratio (pu)f/(pu) m for these tests was 
0.5, Notice that the wall temperature pattern re- 
mains discrete even with two diameter spacing and 
that tho low temperature streaks run nearly parallel 
to the mainstream flow even when the film Jet in in- 
jected 45° laterally to the mainstream, 

CONCLUDING REMARKS 

A film injected into a turbulent boundary layer 
from discrete holes remains discrete as the Jets ex- 
tend downstream. To provide good film coverage on the 
surface, holes should be spaced not more than 5 diam- 
eters apart, and much closer for only one or two rows 
of holes. If a large number of holes are used in a 
closely packed array, the design should be tailored 
with variable lateral and axial spacing to beat util- 
ize the cumulative build-up of film. 

The film should be injected at an shallow an 
angle to the freestream as possible within tho limits 
set by fabrication constraints. Normal injection is 
a very inefficient method of film cooling for turbine 
cooling applications because the film separates from 
tho surface even at low blowing rates, A counter- 
rotating vortex motion downstream of the injection 
hole generates excessive turbulont mixing which dis- 
sipates the film, increases the heat transfer coef- 
ficient, and increases aerodynamic losses in the tur- 
bine. 

For injection holes angled 30° to the surface 
in-line with tho mainstream, tho film layer remains 
attached to the surface as long as the blowing rate 
de».-s not exceed about 0.5. At higher blowing rates, 
the mainstream will wrap around and underneath the 
separated film, reducing its effectiveness. But high 
film injection velocities cannot always bo avoided In 
turbine cooling applications because of tho pressure 
drop needed across the outer shell of the airfoil to 
Insure that a positive flow direction is always main- 
tained. High blowing rates are a particular problem 
with multiple rows of film cooling holes fed from a 
common supply plenum and discharging into a region of 
rapidly varying freestream static pressure. 

To delay separation to much higher blowing 
rates, film cooling holes can be oriented at a com- 
pound angle to tho surface and mainstreom in local 
arca3 on the turbine blade where the boundary layer 
has a tendency to separate such as in the diffusion 
region on the suction or convex side of the blade. 
Where the film-to-mainstresm velocity ratio (or in 
general the ou ratio) can be kept low however, and 
the boundary layer is not already near separation, in- 
line injection is preferred because it causes less 
turbulent mixing and consequently tho film persists 
longer. Also, in-line injection results in a lower 
aerodynamic penalty in turbine efficiency because 
most of the momentum of the film Jot is recovered. 
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